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SNAP-25 Modulation of Calcium Dynamics
Underlies Differences in GABAergic and
Glutamatergic Responsiveness to Depolarization
synaptic plasmamembrane. Three specific membrane
proteins, which form an extremely stable core complex,
known as the SNARE complex, have been identified
as essential for SV exocytosis to take place. This
complex, formed by the vesicle protein synaptobrevin/
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In this study, we demonstrate that hippocampalGABAergic cells were characterized by a higher cal-
GABAergic neurons lack the classical Q-SNARE SNAP-cium responsiveness to depolarization. Exogenous
25, providing therefore a nonartificial model for dis-expression of SNAP-25 in GABAergic interneurons low-
secting the functional role of the protein in neuronalered calcium responsiveness, and SNAP-25 silencing
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Lack of SNAP-25 Immunoreactivity
in GABAergic InterneuronsIntroduction
Immunocytochemistry was used to determine the ex-
pression of SNARE proteins in excitatory and inhibitorySynaptic transmission requires the fusion of synaptic
vesicles (SVs), filled with neurotransmitter, with the pre- hippocampal neurons in primary culture. Staining with
various antibodies directed against SNAP-25 and recog-
nizing both the a and b isoforms (Bark and Wilson, 1994)*Correspondence: m.matteoli@in.cnr.it
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Figure 1. Lack of SNAP-25 in Neurites of Cultured Inhibitory Neurons and in GABAergic Terminals of Hippocampal Slices
(A and B) Double labeling of cultured hippocampal neurons for SNAP-25 and for GABA (A) or the vesicular GABA transporter v-GAT (B). SNAP-
25 immunoreactivity is lacking from neuronal processes positive for GABA or for v-GAT.
(C) Double labeling for SNAP-23 and for the GABA-synthesizing enzyme glutamic acid decarboxylase (GAD). A clear staining for SNAP-23 is
detectable in neurites of both GAD-negative excitatory neurons and GAD-positive inhibitory neurons.
(D–H) Slices from CA1 hippocampal region double labeled for GAD or v-GAT and SNAP-25 (D and G) or for v-GLUT and SNAP-25 (E and H).
Note the lack of SNAP-25 in GAD/v-GAT-positive terminals apposed to the cell bodies of pyramidal neurons (so, stratum oriens; sp, stratum
piramidalis; sr, stratum radiatum). (F) Double labeling for SNAP-23 and GAD. Note that, differently from SNAP-25, SNAP-23 is not excluded
from pyramidal layer. Scale bars equal 50 M in (A), 11 m in (B), 50 m in (C), 95 m in (D) and (E), 95 M in (F), and 15 m in (G) and (H).
(I) Western blot analysis of SVs prepared from adult rat hippocampus. Total SVs (IP syp) and GABAergic (IP v-GAT) SVs are stained with
antibodies to synaptotagmin (Syt), to SNAP-25 and SNAP-23. Note that SNAP-23, but not SNAP-25, is clearly detectable in GABAergic vesicles.
Syp, synaptophysin.
revealed the specific presence of the protein in pro- terminals of type III neurons, impinging on pyramidal
cells in CA1 region. In contrast, an intense immuno-cesses of glutamatergic neurons. In contrast, processes
of GABAergic neurons, identified by their labeling for the reactivity for SNAP-25 was evident at glutamatergic ter-
minals in stratum oriens and radiatum, identified byneurotransmitter (Figure 1A), or for the GABA vesicular
transporter, vGAT (Figure 1B), or for the GABA-synthe- staining for the glutamate transporter v-GLUT (Figures
1E and 1H). Furthermore, as major pools of syntaxin 1sizing enzyme, glutamic acid decarboxylase (GAD) (Fig-
ure 1C), lacked immunoreactivity for SNAP-25 (Figures and SNAP-25 are known to recycle with SVs (Walch-
Solimena et al., 1995), the possible presence of SNAP-1A and 1B). The staining of the cultures with antibodies
directed against SNAP-23, a ubiquitously expressed ho- 25 was checked in GABAergic vesicles and in total
SVs, immunoisolated from hippocampus using beadsmolog of SNAP-25, showed its presence in both excit-
atory and inhibitory neurons (Figure 1C). This finding was coated with antibodies to v-GAT or to synaptophysin,
respectively (Takamori et al., 2000; Schenk et al., 2003).validated in slices from adult rat hippocampus, where
SNAP-25 (Figures 1D and 1G), but not SNAP-23 (Figure Figure 1I shows that SNAP-25 was less detectable in
GABAergic SVs from hippocampus, despite comparable1F), was found to be largely excluded from inhibitory
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Figure 2. TeNT and BoNT/B, but not BoNT/A, Block SV Recycling in GABAergic Neurons
Control cultures (A) and cultures intoxicated with different clostridial neurotoxins (B–D) incubated in the presence of Syt-ecto Ab under
depolarizing conditions and counterstained with antibodies against GAD.
(A) The Syt-ecto Ab is internalized at both glutamatergic and GABAergic synapses.
(B and D) No Syt-ecto Ab labeling occurs in GABAergic neurons intoxicated with TeNT (B) or BoNT/B (D).
(C) In contrast, GABAergic synapses, intoxicated with BoNT/A, internalize Syt-ecto Ab.
Scale bars equal 30 m in (A) and (B) and 22 m in (C) and (D).
(E) Histogram showing the quantitative analysis of Syt-ecto Ab internalization in control (ctrl) and in intoxicated GABAergic synapses (percentage
of positive synapses: 1%  0.2% BoNTB; 12.2%  2.6% TeNT; 98.5%  9.7% BoNT/A).
amounts of either synaptotagmin I or SNAP-23. We do chemical assay based on antibodies against the in-
not exclude, however, that additional proteins may be travesicular domain of the SV protein synaptotagmin I
expressed at different levels in the two vesicle popula- (Syt-ecto Ab), which is exposed to the surface after
tions. exocytosis. The Syt-ecto Ab becomes internalized in the
lumen of SVs by endocytosis (Matteoli et al., 1992). In
agreement with previous results (Verderio et al., 1999),BoNT/A and BoNT/E Block SV Recycling at
in cultures intoxicated with TeNT (Figure 2B) or BoNT/BExcitatory but not Inhibitory Synapses in
(Figure 2D), the internalization of the Syt-ecto Ab afterCultured Hippocampal Neurons
2–5 min of KCl depolarization was greatly reduced atTo further investigate the SNARE expression in cultured
both glutamatergic and GABAergic synapses. In con-neurons, SV recycling was monitored in cultures intoxi-
trast, in cultures intoxicated with BoNT/A (Figure 2C)cated with tetanus neurotoxin (TeNT) or with different
or BoNT/E (not shown), only excitatory synapses wereserotypes of botulinum neurotoxins (BoNTs). Of the lat-
blocked, whereas inhibitory synapses were still able toter, BoNT/B, as TeNT, blocks SV exocytosis by selec-
internalize Syt-ecto Ab, consistent with the lack oftively cleaving the R-SNARE synaptobrevin/VAMP. In
SNAP-25 in the latter neurons. Furthermore, intoxicationcontrast, BoNT/A or E proteolyze the Q-SNARE SNAP-
of hippocampal synaptosomes with BoNT/E was found25 (reviewed in Schiavo et al., 2000; Jahn et al., 2003).
To monitor SV recycling, we performed the immunocyto- to inhibit glutamate release much more than GABA re-
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Figure 3. [Ca2]i Responsiveness to Depolarizing Stimuli of GABAergic and Glutamatergic Neurons
(A) Pseudocolor images of Fura-2-loaded cultures subsequently stimulated with 25 mM and 50 mM KCl in the presence of APV, CNQX, and
TTX. Images are taken before stimulus (left image) and at the peak of the response to 25 mM (middle image) or 50 mM (right image) KCl.
(B) The recorded neurons were fixed and retrospectively labeled for v-GAT. Scale bars equal 24 m in (A) and (B).
(C) Temporal analysis of [Ca2]i changes (measured as variation in the F340/380 fluorescence ratio) in glutamatergic (red line) and GABAergic
(green line) neurons subsequently stimulated with 25 mM and 50 mM KCl.
(D and E) Quantitative analysis of [Ca2]i responses recorded in the soma (D) and processes (E) of glutamatergic and GABAergic neurons
after exposure to 10-20-30 mM KCl (F340/380 in cell bodies: 10 mM KCl, excitatory: 0.1  0.034, n  9, inhibitory: 0.21  0.089, n  8; 20
mM KCl, excitatory: 0.21  0.034, n  24, inhibitory: 0.43  0.088, n  13; 30 mM KCl, excitatory: 0.81  0.088, n  38, inhibitory: 1.45 
0.16, n  29; F340/380 in processes: 10 mM KCl, excitatory: 0.032  0.023, n  4, inhibitory: 0.12  0.03, n  13; 20 mM KCl, excitatory:
0.13  0.02, n  17, inhibitory: 0.27  0.044, n  18; 30 mM KCl, excitatory: 0.40  0.05, n  13, inhibitory: 0.71  0.09, n  22).
(F and G) Higher [Ca2]i responses to 25 mM KCl are also detectable at GABAergic synapses relative to glutamatergic synapses.
lease (G. Bonanno and M.M., unpublished data). These (not shown). Higher [Ca2]i responses to depolarization
were detected in GABAergic cell bodies (Figure 3D),data clarify previous, yet unexplained, findings showing
that (1) a subpopulation of synapses, labeled by FM1-43, processes (Figure 3E), and synapses, visualized by ret-
rospective labeling with anti-GAD antibodies (Figuresis insensitive to BoNT/A (Osen-Sand et al., 1996) and
(2) GABA secretion is largely resistant to the action of 3F and 3G). The difference in calcium responsiveness
did not result from a different Fura-2 loading capacityBoNT/A (Bigalke et al., 1981; Ashton and Dolly, 1988).
of the two cell types (not shown). This difference was
presumably not attributable to different calcium releaseHigher Calcium Responsiveness to KCl
in GABAergic Relative to Glutamatergic Neurons from internal stores, since it was retained in cultures
exposed to the depolarizing agent after treatment withIn view of the possible role of SNAP-25 in a calcium-
dependent step of exocytosis, cultures were loaded with 1 M ryanodine or with 30 M cyclopiazonic acid, i.e.,
two blockers of the ryanodine receptor and of thethe calcium-sensitive dye Fura-2 and imaged by single
cell recording upon exposure to 10–50 mM KCl. Inhibi- SERCA calcium pump, respectively (not shown). How-
ever, a detailed analysis of the selective effect of thesetory neurons (Figure 3B), stimulated with 25–50 mM KCl,
in the presence of 1 M TTX, 100 M APV, and 20 M blockers on the KCl-induced calcium response of excit-
atory or inhibitory neurons is still to be carried out.CNQX, exhibited 2-fold higher increases in intra-cellular
calcium concentration ([Ca2]i) compared to gluta- To determine whether the different responsiveness to
depolarization distinctly affected the neuronal exocy-matergic neurons (Figures 3A and 3C), also when neu-
rons were recorded in the presence of 20 M bicuculline totic properties, mEPSCs or mIPSCs were recorded in
SNAP-25 Modulates Calcium Dynamics
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Figure 4. mEPSC or mIPSC Frequencies Are Differently Affected by [Ca2]e or by Depolarization
(A) Representative traces of mEPSCs, before and after 20 M CNQX application, and of mIPSCs before and after 100 M picrotoxin, recorded
from 15–18 DIV hippocampal neurons in the presence of 100 M APV and 1 M TTX.
(B) Representative mIPSC and mEPSC traces before and after KCl application are shown.
(C) Histogram showing the quantitative analysis of the mEPSC and mIPSC frequency in response to 10 mM KCl application, normalized to
controls. Note the significantly higher increase in mIPSC relative to mEPSC frequency (miniature event frequency normalized to controls:
mEPSCs: 1.09  0.21 Hz, n  13; mIPSCs: 7.1  1.19 Hz, n  20).
(D) Different increase in the frequency of mEPSCs and mIPSCs recorded in cultured hippocampal neurons in the presence of APV and TTX
at different extracellullar calcium concentrations (miniature event frequency (Hz), normalized to 0.2 mM [Ca2]e: mEPSC: 1.36  0.1, n  20;
mIPSC: 3.88  0.8, n  28 at 0.8 mM [Ca2]e; mEPSC: 1.69  0.2, n  17; mIPSC: 4.49  1.4, n  23 at 2 mM [Ca2]e; mEPSC: 3.17  0.68,
n  10; mIPSC: 5.03  1.3, n  15 at 4 mM [Ca2]e).
single patched neurons at membrane potential varying sol and at the plasmamembrane. Transfected cells were
imaged for calcium responses upon 20–30 mM KCl stim-from 70 to 10 mV (Figure 4A) in the presence or in
the absence of 10 mM KCl (Figure 4B). mEPSC and ulation in the presence of 1 M TTX, 100 M APV, and
20 M CNQX (Figures 5B and 5C). The glutamatergic ormIPSC frequency was found to be variable among differ-
ent cultures, depending on both the relative number of GABAergic nature of the recorded neurons was then
established by retrospective immunocytochemical la-inhibitory versus excitatory neurons and on the age of
cultures. In spite of such variability, when cultures were beling (Figure 5A). Temporal analysis of [Ca2]i changes
revealed a reduced calcium response in the processesdepolarized, the frequency of mIPSCs raised of almost
8-fold, whereas that of mEPSCs failed to change (Figure of GABAergic neurons expressing SNAP-25-GFP, as
compared to processes of nontransfected GABAergic4C). Furthermore, when changing extracellular calcium
concentration ([Ca2]e) from 0.2 to 0.8 mM, the frequency cells (Figure 5C). The quantitative analysis (Figure 5D)
revealed that the expression of SNAP-25-GFP in GABAer-of mEPSCs did not change significantly while that of
mIPSCs raised of almost 4-fold (Figure 4D). At higher gic neurons lowers calcium responsiveness to levels com-
parable to those of nontransfected glutamatergic neu-[Ca2]e, the frequency of mIPSCs tended to level off,
while that of mEPSCs increased, reaching almost 3-fold rons. On the other hand, when GABAergic cells were
transfected with SNAP-23-GFP, no change of calciumat 4 mM [Ca2]e (Figure 4D). These data indicate that
GABAergic neurons and GABAergic synapses are char- dynamics was observed (Figure 5E). Interestingly, a sig-
nificant reduction of calcium responses to depolariza-acterized by a higher calcium responsiveness to depo-
larization, which may in turn result in higher rate of exo- tion was observed also in glutamatergic neurons overex-
pressing SNAP-25-GFP, but not SNAP-23-GFP (Figurescytotic events.
5F and 5G). Therefore, the exogenous expression of
SNAP-25 reduces the neuronal calcium responsivenessExpression of Exogenous SNAP-25 and SNAP-23
in GABAergic Neurons to depolarizing stimuli.
To investigate whether the effect of SNAP-25 on cal-To examine the possible role of SNAP-25 in [Ca2]i re-
sponses evoked by depolarization, cultures were trans- cium dynamics is reflected in a modulation of SV recy-
cling, vesicle exocytosis, induced by 10 mM KCl, wasfected by calcium phosphate method with cDNAs en-
coding SNAP-25-GFP or SNAP-23-GFP fusion proteins. monitored in control neurons and in neurons transfected
with SNAP-25-GFP or with SNAP-23-GFP (Figure 6). InThe transfected SNAREs were localized both in the cyto-
Neuron
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Figure 5. Overexpression of Exogenous SNAP-25 in GABAergic Neurons Decreases [Ca2]i Responsiveness to Depolarization
(A and B) Fura-2 loaded hippocampal neurons expressing SNAP-25-GFP (A) were imaged before (B, left) and after (B, right) stimulation with
KCl and retrospectively labeled for v-GAT (A). Scale bars equal 22 m in (A) and 18 m in (B).
(C) Temporal analysis of [Ca2]i responses recorded in SNAP-25-transfected GABAergic neurites (green), in nontransfected GABAergic neurites
(red), and in glutamatergic neurites (black).
(D) Quantitative analysis of the [Ca2]i responses recorded in SNAP-25-transfected GABAergic and in control glutamatergic cells, normalized
to nontransfected GABAergic neurons (F340/380: SNAP-25-transfected GABAergic neurons, 63% 5.3%, n 7; nontransfected glutamatergic
neurons: 60%  5%, n  16; values normalized to nontransfected GABAergic neurons, n  11).
(E) Quantitative analysis of the [Ca2]i responses recorded in SNAP-23-transfected GABAergic neurons and in control glutamatergic cells,
normalized to nontransfected GABAergic neurons (F340/380: SNAP-23-transfected GABAergic neurons, 90%  4%, n  2; nontransfected
glutamatergic neurons: 42%  2.9%, n  7; values normalized to nontransfected GABAergic neurons, n  3).
(F and G) Quantitative analysis of the [Ca2]i responses recorded in SNAP-25-transfected (F) or SNAP-23-transfected (G) glutamatergic cells,
normalized to nontransfected neurons. Note the significant reduction of [Ca2]i responses specifically in SNAP-25-transfected neurons (F340/
380: SNAP-25-transfected glutamatergic neurons, 77%  5.9%, n  18; values normalized to nontransfected glutamatergic neurons, n  37;
SNAP-23-transfected glutamatergic neurons, 94.0%  8.3%, n  17; values normalized to nontransfected glutamatergic neurons, n  20).
agreement with the electrophysiological data, showing Silencing of SNAP-25 a and b Reduces Calcium
Responsiveness to Depolarizationa selective increase in mIPSC frequency upon 10 mM
KCl (Figures 4B and 4C), synapses exposed to Syt-ecto To further investigate whether SNAP-25 controls neu-
ronal calcium responsiveness to depolarization, culturesAb for a relatively short time (25 s) in the presence of
10 mM KCl were found to be mostly (96.8%) GABAergic were cotransfected at 3 DIV with pSuper vector con-
taining nucleotides 321 to 339 of rat SNAP-25 a and b(Figures 6H–6J). Exogenous expression of SNAP-25
(Figure 6B) in GABAergic neurons (Figure 6C) resulted and GFP. The preparations were calcium imaged 96–120
hr later (Figure 7A). At the end of the recording session,in a negative modulation of Syt-ecto Ab internalization
(Figure 6A; see Figures 6D–6G for merged images). On cultures were fixed and retrospectively labeled for
SNAP-25 (Figure 7A) and for GABA (not shown). Onlythe other hand, overexpression of SNAP-23-GFP (Figure
6L) in GABAergic neurons (Figure 6M) did not affect SV glutamatergic neurons in which SNAP-25 expression
was drastically reduced and devoid of immunoreactivityrecycling (Figure 6K; see Figure 6N for merged image).
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Figure 6. Effects of SNAP-25 Exogenous Expression on SV Recycling in GABAergic Neurons
SV recycling was monitored by Syt-ecto Ab in control cultures (H–J) and in cultures transfected for SNAP-25-GFP (A–G) or for SNAP-23-
GFP (K–N).
(A–G) 10 mM KCl-stimulated terminals of GABAergic neurons (C) transfected for SNAP-25-GFP (B) are characterized by a reduced internalization
of Syt-ecto-Ab (A).
(D) Merged image of SNAP-25-GFP (green) and internalized Syt-ecto-Ab (red).
(E) Merged image of SNAP-25-GFP (green) and GAD (blue).
(F) Merged image of GAD (blue) and internalized Syt-ecto-Ab (red).
(G) Merged image of SNAP-25-GFP (green), internalized Syt-ecto-Ab (red), and GAD (blue).
(H–J) Exposure of control cultures to 10 mM KCl results in Syt-ecto-internalization (H) in virtually all GABAergic terminals (I) (see J for the
merged image).
(K–N) 10 mM KCl-stimulated terminals of GABAergic neurons (M) transfected for SNAP-23-GFP (L) show an intense internalization of
Syt-ecto-Ab (K).
(N) Merged image of SNAP-23-GFP (green), internalized Syt-ecto-Ab (red), and GAD (blue).
Scale bars equal 31.6 M in (A)–(G), 20.8 M in (H)–(J), and 20.7 M in (K)–(N).
for the Q-SNARE in the Golgi region (Figure 7A) were and glutamatergic neurons was maintained in cultures
intoxicated with BoNT/B, which proteolyzes synapto-considered for statistical analysis. The silencing of the
brevin/VAMP (not shown). These data suggested thatexpression of SNAP-25 significantly increased neuronal
the SNAP-25181-206 fragment could be crucial for thecalcium responsiveness to 30 mM KCl (Figures 7B
SNAP-25 effect.and 7C).
To directly confirm this possibility, and in consider-
ation of the fact that the cleavage products of BoNT/E
Effect of SNAP-25 Fragments could compete one with each other, making it difficult
on Calcium Dynamics to distinguish their independent actions (Ji et al., 2002a),
Finally, we explored which domain within SNAP-25 is we investigated the effects of the overexpression of
responsible for its negative modulation of neuronal cal- the mutant NH2-terminal SNAP-251-180 or of the mutant
cium responsiveness to depolarization. Acute treatment SNAP-251-197. As both cDNAs were fused to a HA-tag,
with BoNT/E cleaves SNAP-25 at residue 180 to gener- cultures were cotransfected with GFP and all examined
ate a membrane bound NH2-terminal SNAP-251-180 frag- fields were retrospectively labeled to ascertain that the
ment and a cytosolic COOH-terminal, SNAP-25181-206 recorded neuron had in fact been transfected with the
fragment. In BoNT/E intoxicated cultures, the difference SNAP-25 fragment (Figures 8A and 8D). Figures 8B, 8C,
in calcium responsiveness to depolarization between 8E and 8F show that whereas the SNAP-251-180 fragment
GABAergic and glutamatergic neurons was heavily re- does not significantly alter neuronal calcium respon-
duced (difference in F340/380, 46%  2.8%, n  13, siveness (Figures 8B and 8C), SNAP-251-197 is instead
p  0.001, controls; 11%  1.2%, n  21, p  0.61, effective in reducing neuronal responsiveness to depo-
BoNT/E-treated cultures). On the other hand, the differ- larization in both glutamatergic and GABAergic neurons
(Figures 8E and 8F). These data point to the crucialence in calcium responsiveness between GABAergic
Neuron
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Figure 7. Silencing of SNAP-25 in Gluta-
matergic Neurons Increases [Ca2]i Respon-
siveness to Depolarization
(A) Hippocampal neurons cotransfected with
pSuper SNAP-25 and GFP. Note the reduc-
tion of SNAP-25 expression and the lack of
SNAP-25 immunoreactivity (red) in the Golgi
region of the transfected cell (arrow).
(B and C) Silencing of SNAP-25 significantly
increased neuronal calcium responsiveness
to 30 mM KCl.
(B) Temporal analysis of [Ca2]i responses re-
corded in the pSuper SNAP-25-transfected
neuron and in an untransfected neuron (cell
bodies of recorded neurons are marked by
an empty circle in A).
(C) Quantitative analysis of the [Ca2]i re-
sponses recorded in control and in pSuper
SNAP-25-transfected neurons, normalized to
controls (F340/380 SNAP-25-siRNA-trans-
fected neurons: 1.32  0.10, n  11, p 
0.0059, normalized to controls).
involvement of the residues 180–197 of SNAP-25 in the complex disassembly rather than supporting regulated
exocytosis (Su et al., 2001). Other more distantly relatedcontrol of the neuronal responsiveness to depolar-
ization. proteins such as D53 may also substitute for SNAP-25
(Proux-Gillardeaux et al., 2003). The possible involve-
ment of other homologs, not yet identified, should beDiscussion
also taken into consideration.
The major outcome of our study is that the expression/Our single cell analysis has revealed new and unex-
lack of expression of SNAP-25 in glutamatergic/GABAer-pected differences between glutamatergic and GABAer-
gic cells affects a primary function of neurons, the regu-gic neurons dependent on the expression, or lack of
lation of calcium responsiveness to stimuli. Relativeexpression, of SNAP-25. Specifically, SNAP-25 has been
to glutamatergic neurons, which express SNAP-25,found (1) to be missing in hippocampal GABAergic neu-
GABAergic cells, lacking SNAP-25, appear to be charac-rons and (2) to play a role in the control of calcium
terized by a higher calcium responsiveness to depolar-dynamics in all neurons in which it is expressed, no
ization. Even more interestingly, exogenous expressionmatter whether endogenously or by transfection.
of SNAP-25 resets the calcium responsiveness ofSNAP-25 is a component of the SNARE core complex
GABAergic cells to levels comparable to those of gluta-necessary for exocytosis of SVs. When genetic ablation
matergic neurons. In agreement, silencing of SNAP-25of SNAP-25 was employed to investigate the mecha-
in glutamatergic neurons significantly increases calciumnisms of transmitter release, the almost complete block-
responsiveness.ade observed concerned exclusively the evoked release
The different control of calcium dynamics in inhibitory(Washbourne et al., 2002; Sorensen et al., 2003). These
interneurons may have several functional consequences.data have suggested that SNAP-25 is needed for evoked
Among these is the regulation of SV exo-endocytoticbut not for spontaneous exocytosis. Our demonstration
recycling, which could be affected by changed calciumthat GABAergic neurons lack SNAP-25 indicates that a
levels. In line with this possibility, the higher calciumSNARE complex other than the classical synaptobrevin-
responsiveness of inhibitory interneurons is paralleledsyntaxin-SNAP-25 is able to sustain also evoked exo-
by a more sustained rate of release relative to gluta-cytosis. It is conceivable that the role of SNAP-25 is
matergic neurons (see also Burke and Rudomin, 1977;played by another, possibly homologous, SNARE. The
Bacci et al., 2001). Even more notably, exogenous ex-ubiquitous SNAP-25 homolog SNAP-23, largely insensi-
pression of SNAP-25 in inhibitory neurons negativelytive to BoNT/A and E, could functionally substitute for
regulates SV recycling, possibly by reducing calciumSNAP-25 in GABAergic exocytosis, as previously de-
responsiveness. SNAP-25 could therefore act as a multi-scribed for neuroendocrine secretion (Sadoul et al.,
functional protein that participates in exocytotic func-1997). At the moment, however, we cannot exclude that
tion both at the mechanistic (formation of SNARE com-a protein other than SNAP-23 could replace SNAP-25
plex) and at the regulatory (control of calcium dynamics)in the regulated exocytosis of hippocampal GABAergic
levels. The existence of a natural SNAP-25 knockout, theneurons. A new member of the SNARE family, SNAP-
GABAergic neuron, in which the mechanistic function of29, has been characterized (Steegmaier et al., 1998).
The latter, however, is believed to regulate the SNARE SNAP-25 is putatively supported by a homolog, allowed
SNAP-25 Modulates Calcium Dynamics
607
Figure 8. SNAP-251-197 but not SNAP-251-180 Reduces Neuronal Calcium Responsiveness to Depolarization
(A–C) Neuronal cultures, cotransfected with the SNAP-25 fragment SNAP-251-180 fused to a HA tag and with GFP, are calcium imaged upon
depolarization with 30 mM KCl. Retrospective labeling for HA allows to verify that SNAP-251-180 transfection had in fact occurred in the recorded
neurons (A). No significant change in calcium responsiveness to depolarization is detected in SNAP-251-180-transfected neurons (B and C)
(F340/380 transfected neurons: 1.1  0.10, n  9, p  0.3, normalized to controls).
(D–F) Neuronal cultures, cotransfected with the SNAP-251-197 fused to a HA tag and with GFP, retrospectively labeled for HA (D). A significant
reduction of the responsiveness to 30 mM KCl occurs in SNAP-251-197-transfected neurons (E and F). The reduction is detectable
in both glutamatergic and GABAergic neurons, retrospectively identified with antibodies to GABA (not shown) (F340/380 glutamatergic-
transfected neurons: 0.823  0.039, n  14, p  0.00013, normalized to controls; F340/380 GABA-transfected neurons: 0.74  0.09, n  4,
p  0.04).
the unmasking of the previously unknown regulatory been proposed, alternatively, that SNAP-25 may chelate
intracellular calcium ions through the creation of a cal-function of the protein. Interestingly, even in SNAP-25-
deficient animals, characterized by a total impairment cium binding site, possibly in a complex with another
partner (Sorensen et al., 2002). The possibility that thisof evoked release, a significant increase in spontaneous
exocytosis was reported (Washbourne et al., 2002), pos- mechanism is involved in directly affecting neuronal cal-
cium dynamics remains to be addressed in details. How-sibly in agreement with the regulation of calcium dynam-
ics by SNAP-25. ever, our evidence that the expression of SNAP-251-180,
which includes the three residues putatively involved inWe have identified the portion of the protein compris-
ing the 180–197 amino acidic residues as involved in the creation of the calcium binding site (Sorensen et al.,
2002), does not affect neuronal calcium responsivenessregulating neuronal calcium responsiveness. However,
given that the effect on calcium responsiveness of to depolarization makes the involvement of this mecha-
nism quite unlikely. The region of SNAP-25 that we haveSNAP-251-197 is slightly smaller than the effect of the
whole SNAP-25, we cannot exclude a possible contribu- identified as crucial for the regulation of neuronal cal-
cium dynamics comprises few amino acidic residuestion of the COOH 197–206 domain of the protein. Further
experiments are required to define the possible contri- that have been indicated to mediate the calcium-depen-
dent interaction of the protein with synaptotagmin Ibution of this domain. SNAP-25 could be involved in the
regulation of calcium dynamics via different mecha- (Zhang et al., 2002). These data, together with the evi-
dence that SNAP-25 but not SNAP-23 interacts withnisms. In previous studies, SNAP-25 has been found to
inhibit P/Q (Zhong et al., 1999) and L (Ji et al., 2002b) synaptotagmin I (Chieregatti et al., 2004), open the pos-
sibility that the SNAP-25-synaptotagmin interactioncalcium channels. Furthermore, SNAREs have been
found to directly interact with and modulate the activity could be involved in the negative regulation of neuronal
calcium dynamics. As synaptotagmin is known to inter-of delayed-rectifier K channels, which are important
regulators of membrane excitability in neurons and act with calcium channels (Sheng et al., 1997; Charvin
et al., 1997), this could occur, again, via the modulationneuroendocrine cells (Ji et al., 2002a). In the case of L
type calcium channels, the COOH 197–206 domain of of the channel activity or, alternatively, via the direct
binding of the complex to calcium ions. The possibilitySNAP-25 has been indicated as responsible for playing
the inhibitory action (Ji et al., 2002b). Although we local- that SNAP-25 affects calcium dynamics acting on cal-
cium clearing mechanisms (pumps and transporters)ized most of SNAP-25 effect to the 180–197 residues,
we cannot exclude at the moment that the effect of the has also to be taken into consideration.
The lack of SNAP-25 immunoreactivity adds to molec-protein on neuronal calcium dynamics is mediated by
a direct negative modulation of calcium channels. It has ular differences already delineated in cultured GABAer-
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pEGFP-C3 (Clontech, Palo Alto, CA). cDNAs encoding for HA-SNAP-gic relative to glutamatergic neurons. Beside distinct
251-180 and for HA-SNAP-251-197 were cloned in the plasmiddistribution of cell-adhesion molecules (Benson and Ta-
pcDNA3 (Invitrogen).naka, 1998), the Ca2/calmodulin-dependent protein
phosphatase 2B or calcineurin and the Ca2/calmodulin-
dependent protein kinase II , which participate in sev- Silencing of SNAP-25 a and b
A pSuper construct (Brummelkamp et al., 2002) including the targeteral Ca2-dependent signal transduction cascades,
sequence nucleotides 321–339 of rat SNAP-25 a and b was used.have been found to be absent from hippocampal inter-
The pSuper vector directs the synthesis of small interfering RNAsneurons (Jones et al., 1994; Sik et al., 1998; Thiagarajan
and can mediate stable suppression of gene expression. The oligo-
et al., 2002). GABAergic cells express instead Ca2/cal- nucleotides designated were: 5	-GATCCCCTAATCAGGATGGAG
modulin-dependent protein kinase II 
, which is charac- TAGTGTTCAAGAGACACTACTCCATCCTGATTATTTTTGGAAA-3	
terized by a lower sensitivity to calcium signals relative and 5	-AGCTTTTCCAAAAATAATCAGGATGGAGTAGTGTCTCTTGA
ACACTACTCCATCCTGATTAGGG-3	. These 64-mers were phos-to the  isoform (Thiagarajan et al., 2002). Therefore,
phorylated in 3	 and introduced two cohesive half sites for BglII andthe different control of calcium dynamics in GABAergic
Hind III. After annealing, they were ligated into a pSuper predigestedneurons is coupled to a specific calcium transduc-
by BglII and Hind III. Delivery of pSuper was performed by calcium
tion machinery. It is widely accepted that the normal phosphate procedure. Cultures were transfected at 3 DIV and re-
brain functioning in hippocampus depends critically on- corded 4–5 days later.
GABAergic interneurons, which provide control over
hippocampal network and generally act as a major brake
Intracellular Calcium Measurementsagainst excessive excitability in the brain. Regulation
Cultures were loaded for 35–40 min at 37C with 2 M Fura-2 penta-of neuron responsiveness and, possibly, modulation of
cetoxy methylester in Krebs-Ringer solution buffered with HEPES
excitability by SNAP-25 therefore have crucial conse- (KRH) (125 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2, 10
quences for brain functioning in physiological and mM glucose, and 25 mM HEPES/NaOH [pH 7.4]) and transferred to
pathological conditions. the recording chamber of an inverted microscope (Axiovert 100;
Zeiss, NY) equipped with a calcium imaging unit. Polychrome IV
(TILL Photonics, Germany) was used as light source. Fura-2 andExperimental Procedures
GFP fluorescence images were collected with a PCO Super VGA
SensiCam (Axon Instruments, Forest City, CA) and analyzed with theHippocampal Cell Cultures
Axon Imaging Workbench 2.2 software (Axon Instruments). ImagesPrimary cultures were prepared from the hippocampi of 18-day-old
were acquired at 1–4 340/380 ratios/s. To assess the glutamatergicfetal rats as described by Bartlett and Banker (1984) in (Verderio et
or GABAergic nature of recorded neurons, the analyzed fields wereal., 1999). Neurons were transfected at 3–7 DIV by using calcium
marked by a diamond tip equipped-objective (Zeiss, Germany) andphosphate precipitation.
stained by immunocytochemistry as previously described (Verderio
et al., 1999). Fura-2 loading capacity was assessed monitoring, atBrain Slices
different incubation times, the fluorescence emitted by neurons ex-Experiments were performed on three adult rats (Sprague Dawley,
cited at 360 nm wavelength.Charles River, Calco, LC, Italy). Animals were anaesthetized with
chloral hydrate (4%; 1 ml/100 g body weigh, i.p.) and perfused with
mixed aldehydes. The forebrain were dissected out and coronally
Electrophysiologycut with a Vibratome in 50 m thick serial sections. Double immuno-
Whole-cell patch-clamp recordings were obtained from 14–20 DIVfluorescence analysis was carried out as described in Ortino et al.
neurons with an Axopatch 200B amplifier and pClamp software(2003). All the experiments were undertaken in accordance with the
(Axon Instruments, Foster City, CA). Recordings were performed inguidelines established in the Principles of Laboratory Animal Care
the voltage-clamp mode as described in Bacci et al. (2001). Analysis(directive 86/609/EEC).
of mEPSCs was performed by a mini analysis program (Synaptosoft
Inc., Decauter, GA) as previously described (Armano et al., 2002).
SVs Purification Extracellular solutions were changed using a gravity perfusion sys-
GABAergic or total SVs were immunoisolated from a crude vesicle tem through a multibarreled pipette tip positioned 100–200 m from
fraction with dynabeads M450 (Dynal, Oslo, Norway) coated with the cell bodies.
antibodies to v-GAT or synaptophysin as described by Takamori et
al. (2000) in Schenk et al., (2003). Preparation of vesicles contami-
nated by plasma membrane were excluded from analysis. Exoendocytotic Assay
An exoendocytotic assay to monitor SV recycling was performed
Antibodies and Materials using rabbit polyclonal antibodies directed against the intravesicular
Monoclonal antibodies against SNAP-25 were from Synaptic Sys- domain of rat synaptotagmin I (Syt-ecto Ab) (Matteoli et al., 1992).
tem (Goettingen, Germany), Serotec (NC), and Sigma (Milano, Italy). Incubations with the antibody were performed in KRH containing
Antibodies against v-GLUT1, v-GAT, synaptophysin, and synapto- 50 mM KCl in control or intoxicated cultures as described in Verderio
tagmin I were from Synaptic System; polyclonal and monoclonal et al. (1999). In a set of experiments the incubation was performed
antibodies against GAD were from Chemicon (Temecula, CA); mono- in 10 mM KCl for a period of time (25 s) that does not allow detection
clonal and polyclonal antibodies against GAD were kindly provided of Syt-ecto Ab in glutamatergic synapses. After fixation and staining,
by Prof. M. Solimena (Dresden, Germany); and polyclonal antibodies cultures were imaged with a Bio-Rad (Hercules, CA) MRC-1024
against GABA were from Sigma (Milano, Italy). Rabbit polyclonal confocal microscope equipped with LaserSharp 3.2 software. Ac-
antibodies against the intravesicular domain of synaptotagmin I quired images were processed and quantitatively analyzed with NIH
(Syt-ecto Ab) were generated as previously described (Matteoli et Image software from National Institutes of Health (Bethesda, MD),
al., 1992). The affinity-purified rabbit polyclonal antibody against as previously described (Verderio et al., 1999).
human SNAP-23 (TG7) has been previously described (Galli et al.,
1998). Secondary Abs were from Jackson Immunoresearch Labora-
tories (West Grove, PA). APV, CNQX, TTX, and picrotoxin were from Statistical Analysis
Results are presented as means  SE. Data were statistically com-Tocris Neuramin (Bristol, UK). cDNA encoding the fusion protein
GFP-SNAP-25 b (mus musculus), cloned in the plasmid VR1012 pared using the Student’s t test. Differences were considered signifi-
cant if p  0.05 and are indicated by an asterisk in all figures,(Vical, San Diego, CA), was provided by Prof. T. Pozzan (Padova,
Italy); cDNA encoding human SNAP-23 was cloned in the plasmid whereas those at p  0.01 are indicated by double asterisks.
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